Leptin mediates neuroendocrine responses to fasting and restores the starvation-induced changes of several hypothalamic neuropeptides. Ciliary neurotrophic factor (CNTF), a cytokine closely related to leptin, reduces food intake and reverses obesity, but its role in restoring the starvation-induced changes of hormones or hypothalamic neuropeptides remains largely unknown. To comparatively assess the roles of CNTF and leptin in reversing the starvation-induced changes of hypothalamic neuropeptides and endocrine function and in inducing expression of hypothalamic inhibitors of leptin and CNTF signaling (suppressor of cytokine signaling 3 [SOCS-3]) and mediators of energy expenditure (cyclo-oxygenase 2 [COX-2]), we studied the effect of CNTF and leptin administered by intraperitoneal injections (1 µg/g twice daily) in C57Bl/6J mice fasted for 48 h. Serum corticosterone levels increased with fasting, and leptin administration partially normalized them, whereas CNTF administration had no effect. Hypothalamic neuropeptide Y (NPY) and agouti-related protein (AgRP) mRNA expression increased and pro-opiomelanocortin (POMC) decreased in response to fasting. Leptin administration decreased NPY and AgRP and increased POMC mRNA levels toward baseline, but CNTF administration in fasted mice had no effect of comparable significance. Both leptin and CNTF administration in fasted mice resulted in an induction of SOCS-3 mRNA expression. CNTF also induced hypothalamic SOCS-2 mRNA expression. Finally, neither leptin nor CNTF administration in mice fasted for 48 h alters hypothalamic COX-2 expression. Our data suggest that only falling leptin levels mediate the starvation-induced alterations in corticosterone levels and expression of hypothalamic neuropeptides, but inhibitors of leptin signaling are induced by both leptin and CNTF. This may be of clinical importance because both agents are now being evaluated for the treatment of obesity in humans.
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Leptin has recently been shown to have an important role in reversing the starvation-induced changes of neuroendocrine function and hypothalamic neuropeptide expression in mice (5,7). More specifically, leptin restores the starvationinduced decrease in testosterone, luteinizing hormone (LH), ACTH, and thyroxine and partially restores the increased corticosterone levels observed in response to fasting (5, 8) . In addition, recent data indicate that leptin normalizes the starvation-induced alterations in neuropeptide Y (NPY), cocaine-and-amphetamine regulated transcript (CART), and pro-opiomelanocortin (POMC) expression, but its effect on alterations in AgRP expression has not been studied previously (8) . A recent study showed that, similarly to leptin, CNTF significantly attenuated the starvation-induced suppression of LH levels (9) . However, whether CNTF plays a role in restoring the starvation-induced changes of other hormones or hypothalamic neuropeptide expression in a manner similar to or different from leptin remains to be determined.
To determine the role of CNTF in mediating the starvationinduced changes of the expression of two orexigenic and one anorexigenic hypothalamic neuropeptide (NPY, AgRP, PCR reactions were performed as previously described for NPY, AgRP, POMC, SOCS-3, and SOCS-2 (6, 11) . Preliminary PCR experiments showed that the rate of amplification was linear for COX-2 when applied for <30 cycles. Briefly, each 50-µl PCR reaction was carried out with 5.0 µl cDNA as the template. The assay conditions were 10 mmol/l Tris-HCl (pH 8.8), 50 mmol/l KCl, 1.5 mmol/l MgCl 2 , 0.01% gelatin, 0.2 mmol/l dNTPs, 20 pmol each primer, 2.5 U Taq polymerase (Stratagene), and 0.5 µl [
32 P]dCTP (29.6 Tbq/mmol, 370 Mbq/ml) (Du Pont-NEN, Boston, MA). The mixture was overlaid with 50 µl mineral oil, and after initial denaturation at 96°C for 3 min, the samples were subjected to 28 cycles of amplification for COX-2 (denaturation at 95°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 35 s). Then 10 µl of the reaction was combined with 5 µl sequencing stop solution (Amersham, Buckinghamshire, U.K.) and heated to 85°C for 5 min before loading 5 µl onto a 4% urea-acrylamide gel. Electrophoresis was carried out as previously described (6, 11) before the gels were transferred to filter paper, dried, and finally subjected to 32 P quantitation by PhosphorImager analysis (Molecular Dynamics, Sunnyvale, CA). Data are means ± SE (from arbitrary PhosphorImager units) for each group normalized to the ␤-actin values as previously described (11) to adjust for the potential variations in RNA input and then expressed as a % change from the fed PBS-treated group.
All samples were assayed for corticosterone levels by radioimmunoassay in one run (ICN, Cosa Mesa, CA) as previously described (5,7). Statistical analysis. Data are means ± SE of the number of values indicated in the figure and tables. Statistical significance was assessed by unpaired two-tailed Student's t test and analysis of variance (ANOVA) with post hoc tests to adjust for the potential effect of multiple comparisons using the Statview program (Abacus, CA). Differences were considered to be significant at the two-tailed P < 0.05 level. P values presented in the text are derived from ANOVA models unless noted otherwise. The number of 12 mice/group was chosen to provide 80% power at the conventional ␣ = 0.05 level to detect a significant difference of mean levels that would be equal to the respective SD.
RESULTS
Effects of fasting, with and without leptin or CNTF administration on body weight of C57Bl/6J mice. Leptin and CNTF administration decrease food intake and body weight of normal mice. In this study, we compared fed animals with those that were fasted and treated with PBS, leptin, or CNTF for 48 h (1 µg/g body weight twice daily). Fasting of normal C57BL/6J mice significantly decreased body weight to 78.8% of baseline (Table 2) . Similarly, the weight of fasted mice that were given CNTF decreased to 75.3% of baseline, whereas that of mice given leptin decreased to 71.6% of baseline ( Table 2) . 
CNTF AND LEPTIN IN FASTING
In vivo effects of leptin and CNTF administration for 48 h on circulating corticosterone levels. Consistent with previous studies (5,7), corticosterone levels were increased in response to fasting (328.95 ± 72.0 in the fasted PBS-treated group vs. 74.43 ± 19.45 ng/ml in the fed PBStreated group, P < 0.05) and were partially normalized by leptin administration (227.20 ± 70 ng/ml in the fasted leptintreated group, P < 0.05 vs. the fasted PBS-treated group). In contrast, CNTF administration in fasted animals did not result in any significant change of circulating corticosterone levels (328.95 ± 72.0 in the fasted PBS-treated group vs. 358.12 ± 56.42 ng/ml in the fasted CNTF-treated group, respectively) ( Table 2 ). Thus, this study confirms that leptin has a significant role in restoring the starvation-induced alterations of corticosterone levels and suggests that CNTF administration does not have a similar effect. The number of measurements was chosen to provide >80% power to detect a change in corticosterone levels greater than or equal to the corticosterone SD. Hypothalamic neuropeptide mRNA expression in response to fasting, leptin, and CNTF administration: NPY mRNA expression. We first studied the hypothalamic mRNA expression of the orexigenic NPY, which is considered to be a mediator of leptin's action in the arcuate nucleus (12) . Leptin has been shown to blunt the starvation-induced increase in hypothalamic NPY in fasted animals (5,7). To determine whether CNTF had a similar effect on the expression of neuropeptides in the arcuate nucleus, we evaluated hypothalamic NPY mRNA expression in fasted animals treated with PBS, leptin, or CNTF by [ 32 P]RT-PCR. Hypothalamic NPY mRNA expression was significantly increased in fasted and PBS-treated mice compared with fed animals (266.94 ± 34.15 vs. 100.00 ± 8.71 arbitrary units (AU), respectively, P < 0.001) as previously described (5) . Exogenous leptin administration to fasted animals partially restored NPY mRNA to baseline levels (168.85 ± 15.46 AU, P < 0.05 vs. the fed PBS-treated group and P < 0.01 vs. the fasted PBS-treated group) (Fig. 1) . Exogenous CNTF administration in fasted animals resulted in hypothalamic NPY mRNA expression that was not significantly different from that of the fasted and PBS-treated animals (214.29 ± 26.43 AU, P < 0.01 vs. the fed PBS-treated group and P = 0.12 vs. the fasted PBS-treated mice) (Fig. 1) . AgRP mRNA expression. NPY neurons in the arcuate nucleus coexpress AgRP, which is an endogenous antagonist to ␣-melanocyte-stimulating hormone at the melanocortin receptor level, whose expression is increased in low-leptin states (13) . To determine whether leptin or CNTF has any effects on the expression of hypothalamic AgRP mRNA, we compared fed PBS-treated mice with fasted animals treated with PBS, leptin, or CNTF. Hypothalamic AgRP mRNA expression was significantly increased in response to fasting (781.82 ± 158.39 vs. 100.00 ± 8.80 AU in fasted vs. fed PBStreated animals, respectively, P < 0.001). Similar to its effect on NPY, exogenous leptin administration partially restored the fasting-induced AgRP mRNA expression toward baseline (406.04 ± 44.07 AU, P < 0.05 vs. fed PBS-treated mice and P < 0.01 vs. fasted PBS-treated mice). Although CNTF reduced AgRP mRNA levels in fasted mice (543.40 ± 72.07 AU), this difference was not statistically different from fasted PBS-treated mice and remained elevated (P < 0.01) above values for fed PBS-treated mice. Thus, leptin and CNTF appear to have different actions: leptin restores the starvation-induced alterations of hypothalamic NPY and AgRP mRNA expression, but CNTF does not (Fig. 1) . POMC mRNA expression. Hypothalamic POMC mRNA expression was significantly decreased in fasted and PBStreated mice compared with fed animals (55.02 ± 4.96 vs. 100.00 ± 5.02 AU, respectively, P < 0.001). Exogenous leptin administration partially restored POMC mRNA levels (78.75 ± 6.77 AU, P < 0.05 vs. fed PBS-treated mice and P = 0.01 vs. fasted PBS-treated mice) (Fig. 1) . Exogenous CNTF administration to fasted animals did not result in any restoration of hypothalamic POMC mRNA expression (57.65 ± 7.21 AU, P < 0.001 vs. fed PBS-treated mice and P = 0.8 vs. fasted PBS-treated mice) (Fig. 1) . SOCS-3 mRNA expression. SOCS-3 is an inhibitor of leptin signaling, the expression of which has recently been shown to be induced by both exogenous leptin and CNTF administration (6). We measured hypothalamic SOCS-3 mRNA expression in animals treated with leptin and CNTF to determine whether CNTF would have an effect similar to or more potent than that of leptin in normal C57Bl/6J mice. Hypothalamic SOCS-3 mRNA expression in fasted mice was not significantly different from that of fed animals (126.89 ± 21.61 vs. 100.00 ± 3.86 AU, respectively, P = 0.7). Exogenous leptin administration in fasted mice resulted in a >2-fold increase in SOCS-3 mRNA expression. This increase was found to be significant by unpaired t test (208.53 ± 30 vs. 100.00 ± 3.86 AU, respectively, P < 0.01). When ANOVA was performed, this difference was of borderline statistical significance. Administration of exogenous CNTF in fasted animals resulted in a ninefold increase in hypothalamic SOCS-3 mRNA expression. This increase was highly statistically significant (919.33 ± 82.6 vs. 100.00 ± 3.86 AU, respectively, P < 0.001 vs. all other groups) (Fig. 1) . Thus, although both leptin and CNTF induce hypothalamic SOCS-3 mRNA expression, CNTF appears to be much more potent in this respect (Fig. 1) . SOCS-2 mRNA expression. We measured hypothalamic SOCS-2 mRNA expression in animals treated with leptin and CNTF to determine whether CNTF and/or leptin would induce SOCS-2 expression as they induce SOCS-3 expression. Hypothalamic SOCS-2 mRNA expression of fasted mice treated with either placebo or leptin was not significantly different from that of fed animals (112.08 ± 11.19 and 117.48 ± 9.86 vs. 100.00 ± 4.97 AU, respectively). Administration of exogenous CNTF to fasted animals resulted in an almost twofold increase in hypothalamic SOCS-2 mRNA expression (165.47 ± 19.62 vs. 100.00 ± 4.97 AU, respectively, P ≤ 0.01 vs. the fed and fasted PBS-treated groups) (Fig. 1) . Thus, unlike leptin, CNTF appears to induce hypothalamic SOCS-2 mRNA expression. This effect is, however, much smaller in magnitude than the effect of CNTF on SOCS-3 expression (Fig. 1) . COX-2 mRNA expression. Hypothalamic COX-2 mRNA expression was similar in fasted and fed PBS-treated animals (95.50 ± 6.88 vs. 100.00 ± 4.38 AU, respectively, P = 0.8). In addition, exogenous leptin administration had no effect on COX-2 mRNA expression (86.11 ± 9.84 AU). Similarly, exogenous CNTF administration to fasted mice did not result in any significant change in hypothalamic COX-2 mRNA expression compared with the fed PBS-treated group (118.41 ± 17.13 AU). Thus, neither fasting nor treatment with leptin or CNTF for 48 h appears to alter hypothalamic COX-2 mRNA expression (Fig. 1) . ␤-Actin mRNA expression. ␤-Actin mRNA expression was similar in all of the groups studied (100.00 ± 6.07 vs. 97.26 ± 4.17 vs. 111.22 ± 5.53 vs. 99.15 ± 7.10 AU in the fed PBStreated, fasted PBS-treated, fasted leptin-treated, and fasted CNTF-treated groups, respectively).
FIG. 1. Effects of fasting (Fast) and treatment with leptin or CNTF (1 µg/g i.p. twice daily) during a 48-h period on hypothalamic expression of NPY (A), AgRP (B), POMC (C), COX-2 (D), SOCS-3 (E), and SOCS-2 (F) mRNA in male C57BL

DISCUSSION
The effects of CNTF (2-3,14-16) and leptin (4) on food intake and weight loss are similar, but important differences exist in the actions of these two agents. CNTF does not act in certain hypothalamic areas where leptin appears to act, such as the paraventricular hypothalamus (6) . In addition, the fact that the weight-reducing effects of CNTF are seen in both leptin-deficient (ob/ob) and leptin-resistant (db/db) models of murine obesity (2) suggests that its effects are mediated neither by promotion of leptin release nor by activation of the leptin receptor. These data suggest that the effects of these two peptides on body weight and energy homeostasis may involve both overlapping and distinct hypothalamic neuronal circuits. One of the main roles of leptin is to regulate the neuroendocrine response to starvation in mice (5) . Although CNTF restores LH secretion during starvation, whether the effects of CNTF on other hormones or hypothalamic neuropeptides are similar to those of leptin is unknown. In this study, we have further characterized the effects of CNTF administration on corticosterone levels and hypothalamic expression of neuropeptides important in feeding behavior and energy homeostasis.
Recent experimental evidence shows that NPY mRNA levels are markedly increased in leptin-deficient states (such as during fasting and in ob/ob mice), whereas NPY mRNA levels are restored to normal in response to leptin treatment (5). In another study, rats were fasted for 70 h and infused with leptin to maintain leptin levels within the normal range for ad libitum feeding. This prevented the increase in NPY mRNA normally seen with fasting (8) . In the present study, we confirmed previous findings that hypothalamic NPY is upregulated during food deprivation (5, 18) and that it is restored with leptin treatment (5, 8) . In contrast, CNTF treatment failed to blunt the starvation-induced increase in hypothalamic NPY mRNA to a comparable degree. Recent data comparing the effects of leptin and CNTF administration to fed rats for a 4-day period demonstrated similar effects in decreasing food intake and body weight in a time-dependent manner (17) . However, CNTF administration to fed rats for 4 days did not result in altered hypothalamic NPY mRNA expression. This was interpreted as indicating that CNTF administration in the fed state decreases NPY mRNA expression (17) . Future studies are needed to elucidate whether the tendency toward decreased NPY levels seen in this study could be more pronounced and could achieve statistical significance after more prolonged administration (i.e., 4 days) or whether the administration of CNTF in the fed and fasted states results in different effects on NPY expression.
Because expression of hypothalamic AgRP mRNA is increased with food deprivation (13), we also examined the potential effects of leptin and CNTF in restoring the starvation-induced changes of hypothalamic expression of AgRP. Leptin-deficient ob/ob mice and mice homozygous for a lossof-function leptin receptor mutation have markedly increased AgRP mRNA expression (19) . Leptin administration decreased AgRP mRNA expression by ~35% in ob/ob mice (20) , which suggests that leptin is a negative regulator of AgRP expression. Unlike NPY, the effect of leptin administration on starvation-induced changes in AgRP has never been studied. This study confirms that fasting for 48 h alters AgRP mRNA expression (19, 20) and shows that leptin administration in fasted C57Bl/6J mice reverses the starvationinduced increase in AgRP. In contrast, 2 days of CNTF administration had no effect on the starvation-induced changes of AgRP mRNA levels in C57Bl/6J mice.
Recent work from our laboratory showed that SOCS-3 mRNA expression is stimulated by leptin administration in the fed state. This provides a good in vivo indicator of direct leptin stimulation of neurons that contain leptin receptors and neuropeptides such as NPY and AgRP (6) . Because overexpression of SOCS-3 blocks leptin stimulation in cells possessing leptin receptors, some researchers have suggested that this may account, at least in part, for the leptin resistance seen in most forms of human obesity (21) . SOCS-3 is also a CNTFinducible inhibitor of CNTF signaling in rodents, which may act as part of a negative feedback loop of cytokine signaling (6) . In this study, we have demonstrated that, similar to the effect of leptin in the fed state, peripheral administration of recombinant leptin and CNTF to fasted mice induces SOCS-3 mRNA expression in the hypothalamus. However, the CNTF-induced increase in SOCS-3 mRNA expression is more pronounced than that seen with leptin treatment. Finally, CNTF induces SOCS-2 mRNA expression, but does so to a much lesser degree than SOCS-3. Leptin does not have a similar effect.
Leptin administration significantly blunted the fastinginduced increase in corticosterone secretion in our study, a finding that is consistent with previous reports from our laboratory (5) . Leptin receptors are expressed in corticotropinreleasing hormone (CRH)-containing neurons, in vitro studies have shown that leptin alters CRH secretion from the hypothalamus, and leptin's effect on food intake may be mediated in part by altered CRH mRNA expression in the paraventricular nucleus (22) (23) (24) (25) . In contrast with leptin's effect, we found that CNTF does not alter significantly the fastinginduced increased levels of corticosterone. Although CNTF receptor mRNA has been found in the paraventricular nucleus (3), previous studies have not detected stimulation of SOCS-3 gene expression in this area (6) , which suggests that CNTF receptors may not be activated in this region or act through intracellular pathways that do not involve JAK-STAT signaling. Thus, although leptin restores in part the starvationinduced changes in corticosterone levels (possibly by regulating CRH levels in the paraventricular nucleus), CNTF does not have a similar effect.
M. ZIOTOPOULOU AND ASSOCIATES
Another neuropeptide that appears to be differentially regulated by leptin and CNTF in this study is POMC. Deficient leptin signaling, either because of leptin gene or leptin receptor mutations, and fasting for 48 h result in a decrease in POMC mRNA expression (19, 26) . Continuous leptin administration prevented the decrease in POMC mRNA expression in rats fasted for 70 h (8) . This study confirms the effect of fasting on POMC expression and demonstrates that administration of leptin to normal mice fasted for 48 h restores POMC expression. In contrast, CNTF administration to fasted animals has no effect on POMC expression.
Others have previously shown (27) that CNTF (10 µg/kg i.v., 1 µg/kg intracerebroventricularly) causes fever and that the increase in body temperature was associated with an increase in cerebrospinal fluid prostaglandin E 2 but not thromboxane B 2 . These findings were ascribed to the fact that CNTF activates the inducible isoform of arachidonate COX, which is constitutively expressed in the brain, but COX-2 expression was not directly assessed (27) . Recent data from our group (J.K. Kelly, C.F. Elias, R.S. Ahima, C.B., C.B. Saper, J.S. Flier, J.K. Elmquist, unpublished data) demonstrate that CNTF administration for 2 h in rats results in an induction of COX-2 mRNA by in situ hybridization in blood vessels throughout the brain, whereas leptin does not induce COX-2. Inflammatory stimuli such as lipopolysaccharide and interleukin-1 cause an induction in COX-2 expression (28, 29) , which is an obligate step in the production of fever (10) . Because leptin, interleukin-1, and CNTF belong to the cytokine family and activate cytokine-like signal transduction, we assessed whether leptin or CNTF administered in doses that were higher than in the previous study but were given intraperitoneally (1 µg/g) would have an effect on COX-2 expression. In our study, we found no significant changes in the expression of COX-2 mRNA with fasting and leptin or CNTF treatment for 48 h in normal C57BL/6J mice. Because COX-2 may possibly be an early-response gene, the effect of leptin or CNTF may be short lived and may not last for 48 h. To determine this, future experiments will need to study the time course of CNTF administration on COX-2 in more detail.
In summary, both leptin and CNTF decrease food intake and body weight to a similar extent. However, only the administration of leptin in fasted C57BL/6J mice restores the starvation-induced changes of serum corticosterone levels and the expression of hypothalamic neuropeptides. This indicates that the starvation-induced changes of these molecules are mediated by the starvation-induced alterations in leptin levels but not CNTF. In contrast, both leptin and CNTF induce SOCS-3 expression. Because both agents are currently undergoing clinical trials as potential treatment agents for obesity in humans, induction of hypothalamic expression of inhibitors of leptin signaling by these agents may prove to be of clinical importance. Finally, the physiological data presented in this article also confirm and significantly extend previous neuroanatomical and physiological findings (6) and suggest that leptin and CNTF may act through different mechanisms to regulate food intake and body weight. Further work is required to clarify the entire spectrum of physiological actions and to fully elucidate the pathways by which CNTF exerts its weight-reducing and metabolic effects.
